Objectives: Direct SOS-dependent regulation of qnrB genes by fluoroquinolones mediated by LexA was reported. The smaqnr gene, on the Serratia marcescens chromosome, and qnrD both contain a putative LexA box. The aim of this study was to evaluate whether smaqnr or qnrD genes are induced via SOS-dependent mechanisms, and to investigate whether other antimicrobial agents induce qnrB, qnrD and smaqnr expression.
Introduction
The number of publications about plasmid-mediated quinolone resistance mechanisms, mainly those containing qnr genes, has increased in the last decade. These genes confer low-level resistance to quinolones, and protect the bacterial DNA gyrase and topoisomerase IV from quinolone inhibition.
1,2 Since the first plasmid-encoded determinant, qnrA, was described, other plasmid-mediated qnr genes have been identified: qnrB, qnrS, qnrC and qnrD, 3 -7 included in different protein families whose amino acid sequences differ from each other by ≥30%. 8 With the recently described ASqnr, SMqnr, VPqnr and VVqnr proteins, the Qnr proteins currently comprise a varied pool of pentapeptide repeat proteins implicated in quinolone resistance. 9 -11 A new pentapeptide repeat protein, named SmaQnr, has recently been reported from the chromosome of Serratia marcescens.
12 This protein confers low-level quinolone resistance when expressed in Escherichia coli. The SmaQnr protein shares 80% amino acid identity with QnrB1. The upstream sequence of the smaqnr gene contains a putative LexA box, similar to the one found in qnrB1, whose expression is regulated by the SOS system. 13, 14 Ciprofloxacin and mitomycin C, both SOS activators, increase qnrB expression between 2-and 9-fold, depending on the antimicrobial and genetic background. 13 This LexA box is absent in qnrA, qnrS and qnrC, but present in qnrD. QnrD and SmaQnr are the pentapeptide repeat proteins most closely related to QnrB. 12 LexA is the main regulator of the SOS system and is activated in response to DNA damage. Single-stranded DNA (ssDNA) is produced and the coprotease activity of RecA is activated by binding to the ssDNA. The interaction between LexA and the filament complex, RecA-ssDNA, leads to the proteolytic cleavage of LexA, and eventually to derepression of the promoters to which LexA is bound. 15 It has been demonstrated that some antimicrobials are able to activate the SOS response by causing bacterial stress. 16 -19 The aim of this study was to evaluate whether smaqnr and qnrD expression are induced by quinolones in an SOS-dependent manner and to investigate whether other antimicrobial agents, such as b-lactams or trimethoprim, induce smaqnr, qnrB and qnrD expression, promoting low levels of quinolone resistance.
Materials and methods
Bacterial strains and culture conditions S. marcescens 257 reference strain (Institut Pasteur collection), E. coli J53 AzR (resistant to sodium azide) carrying a natural plasmid harbouring qnrB1 (from a clinical isolate) 20 and E. coli J53 AzR carrying a natural plasmid harbouring qnrD (from plasmid p2007057, accession number FJ228229) were used for RT-PCR assays.
For reporter gene assays, three E. coli wild-type strains (MG1655, ATCC 25922 and RR1) and E. coli HB101 (recA deficient and isogenic to RR1) were used as bacterial recipients of plasmid constructions (Table 1) .
All bacteria were grown in LB broth at 378C. Antibiotics were used as required at the following concentrations: 30 mg/L kanamycin and 100 mg/L ampicillin.
Plasmid constructions
Promoter regions were amplified by PCR using specific primers (Table S1 , available as Supplementary data at JAC Online). About 200 bp upstream of the coding sequence of each gene was amplified. PCR fragments were cloned into the pCR-Blunt II-TOPO, following the manufacturer's recommendations (Invitrogen, Carlsbad, CA, USA). The recombinant plasmids were digested with XhoI and BamHI (Fermentas, Madrid, Spain) and the purified digested fragments were cloned to the promoterless vector pMS201 after digestion. 21, 22 Real-time quantitative RT-PCR Expression of the smaqnr, qnrB1 and qnrD genes was analysed by realtime RT-PCR, and quantified relative to the rpoB gene of S. marcescens and the mdH gene of E. coli. The fluoroquinolones (ciprofloxacin, levofloxacin and moxifloxacin) were tested as possible inducers at concentrations of 1/2×, 1/4× and 1/8× MIC, and ceftazidime at 1/2× MIC. Mitomycin C was used as an inducer (positive control). Strains were grown (at 378C) to exponential phase (OD 600 ¼0.3-0.4) and the inducer added for 45 min. A culture without drug was used as control. RNA extraction was performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Contaminating DNA was removed from RNA samples with TURBO DNA-free (Ambion, USA). cDNA synthesis was performed with the Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA) using random primers. Quantitative PCR was carried out in a LightCycler machine (Roche, Indianapolis, IN, USA) using the FastStart DNA Master SYBR-Green I Kit (Roche, Indianapolis, IN, USA) and specific primers, listed in Table S1 , available as Supplementary data at JAC Online. Normalized expression levels of target gene transcripts were calculated relative to rpoB of S. marcescens (mdh of E. coli) using the 2 2DDCT method. Plates were visualized under a blue-light lamp after 24 h of incubation at 378C.
Fluorescence measurements
Single colonies of every bacterial strain of E. coli RR1 were inoculated and grown at 378C for 16 h. Cultures were diluted 10000-fold in fresh medium containing 30 mg/L kanamycin, with and without ciprofloxacin at different concentrations (1/2×, 1/4× and 1/8× MIC of ciprofloxacin). Aliquots of 150 mL were transferred to 96-well plates (Greiner 96 Flat Bottom Transparent Polystyrene) in triplicate and cultures grown in an Infinite 200 Pro plate reader (Tecan Trading AG, Switzerland), controlled by i-control software (Tecan Trading AG, Switzerland) at 378C for 24 h, with 10 s of linear shaking every hour, before measurements were taken. The parameters used to measure the optical density of each well were: wavelength, 595 nm; and bandwidth, 10 nm. Fluorescence was monitored at: excitation wavelength, 485 nm; excitation bandwidth, 20 nm; emission wavelength, 535 nm; and emission bandwidth, 25 nm.
Results and discussion
The qnr genes are plasmid-borne quinolone resistance determinants found worldwide in Enterobacteriaceae. The number of members of this family has been increasing over the past decade, although little is known of their regulation or expression.
Recently, more in-depth research about the regulation and biological function of these proteins has been published. To date, the data available related to qnr gene regulation show that expression of qnrA is related to cold-shock response in Shewanella algae. 25 In the case of qnrS, an induction of expression by quinolones has been reported in a non-SOS-dependent pathway. 26 A LexA-binding site was described in the sequence upstream of qnrB. This sequence is conserved in the promoter regions of the different variants of qnrB and its expression is under SOS control, being induced by ciprofloxacin and mitomycin C. 13, 14 Fluoroquinolones, as well as other antimicrobial agents, such as trimethoprim or ampicillin, are able to activate the SOS response in a LexA-RecA-dependent way. 16, 18, 27 In silico analysis of promoter region
In silico analysis of the recently described gene family of S. marcescens, smaqnr, showed the presence of a LexA box upstream of the smaqnr gene. 12 When in silico analysis was extended to the more recently described qnr genes (qnrD and qnrC), a LexA-binding site was found upstream of the qnrD sequence, but not in the qnrC gene. The canonical sequence of the LexA box is TACTGTATATATATACAGTA, with a high degree of conservation within the gammaproteobacteria. 17 The essential sequence of this regulatory box is CTGT and ACAG flanking a TA 4 central region, and the internal sequence is known to vary in different LexA boxes. 28, 29 The smaqnr and qnrD LexA-binding sites are found in both cases downstream of the 210 box sequence, in a similar position compared with qnrB1 (Figure 1 ). In the qnrB1 and smaqnr sequences, the LexA box is found three nucleotides downstream of the +1 start site, whereas the LexA box in qnrD, whose essential LexA sequence has one nucleotide change, is found immediately after the +1 start site. In contrast, the LexA box present in the recA gene (used as a control) is located between the 235 and 210 promoter sequences. The distance from the regulatory LexA box to the coding sequence also varied. The different positions of the LexA box could be partly responsible for the differences observed in terms of induction.
Analysis of qnrB, qnrD and smaqnr expression
The S. marcescens 257 strain was susceptible to ciprofloxacin, levofloxacin and moxifloxacin. This strain had no amino acid changes in the GyrA or ParC quinolone resistance determining region (QRDR) region (data not shown). RT-PCR assays showed that the addition of ciprofloxacin, levofloxacin or moxifloxacin induced smaqnr gene expression. The highest level of expression was obtained at 1/2× MIC of levofloxacin, which was 8.7 higher than that of the control strain without levofloxacin (Table 2) . Ciprofloxacin induced the expression 3-to 6-fold in comparison with the control and was dependent on the concentration of antimicrobial agent used. These results agree with those published by Wang et al., 13 who showed a 2.1-to 9-fold increased expression in different variants of qnrB in the presence of ciprofloxacin. Moxifloxacin had the lowest effect, with a 2-fold increase at 1/2× MIC of moxifloxacin.
In comparison, the most potent inducer of qnrD was ciprofloxacin, which increased expression nine times at 1/2× MIC compared with basal expression. qnrD showed no variation in expression in the presence of moxifloxacin. Relative induction of smaqnr and qnrD appeared to be dependent on concentration, as was observed for qnrB1. This concentration-dependent Table 2 , correlates with lower induction levels from assays performed at 1/8× MIC concentration (data not shown). The E. coli J53 control harbouring a natural qnrB1-plasmid showed that qnr gene expression was induced with every quinolone tested. Mitomycin C, a classic SOS inducer, increased, as expected, the relative expression of qnrB1, qnrD and smaqnr (data not shown).
In the case of ceftazidime, there was a moderate increase in the expression of qnrB1 and qnrD genes, contrasting with the .4-fold increased expression of smaqnr (Table 2) . These results coincide with those of Thi et al., 18 where ceftazidime induction using disc diffusion had a lower effect on SOS activation than ciprofloxacin. The results observed in the RT-PCR experiments could be explained by the narrow range of ceftazidime concentration able to activate the bacterial SOS response.
These results show different levels of induction, which depend not only on the antimicrobial, but also on the promoter region of the gene. The observed differences in the LexA box sequence and position could be associated with the different levels of induction (Table 2 and Figure 1 ).
Effect of antibiotics on qnrB1, qnrD and smaqnr expression
To show induction by LexA-regulated promoters, reporter gene assays were carried out with a transcriptional fusion green fluorescent protein (GFP) plasmid. As expected, the qnrB1, qnrD and smaqnr genes were induced by fluoroquinolones (ciprofloxacin and norfloxacin) and, interestingly, also by b-lactams, such as ceftazidime, aztreonam, cefuroxime and cefpirome, where there was clear induction, or cefotetan, piperacillin/tazobactam, cefepime and ampicillin, with minor induction of GFP fluorescence (Figure 2a and Table 3 ). Fluorescence was observed in all cases in the E. coli wild-type strains, although not in the recA-deficient E. coli HB101, indicating that induction of the qnrB1, qnrD and smaqnr promoters is regulated by the SOS system, in a RecA-dependent pathway (Figure 2b ). Fluorescence observed on the plates is indicated by plus symbols; four plus symbols correspond to the highest level of fluorescence and one plus symbol corresponds to the lowest level of fluorescence. A minus sign indicates no fluorescence.
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In any case, there was no evidence of induction with the carbapenems (imipenem or meropenem) or the non-b-lactam antimicrobial agents tested (rifampicin, gentamicin, chloramphenicol and colistin). These findings agree with previously reported results, which showed the ability of different antimicrobial agents to stimulate a bacterial SOS response. 18, 19, 27 The variations in the width and intensity of the fluorescent zone depended both on the antimicrobial tested and also on the three wild-type background strains used (data not shown), indicating that not only the antimicrobial agent tested but also the genetic background used could be important factors in this regulatory phenomenon.
Induction level of promoters
To quantify induction on plates, measurements were taken from the broth microplates with different concentrations of ciprofloxacin. A control culture of each strain was performed without adding ciprofloxacin. As shown in Table 4 , 1/4× MIC of ciprofloxacin induced GFP expression. The levels of increase in the different strains were almost constant over time (Table 4 ). The highest increase in fluorescence intensity was seen in psmaqnr, which achieved a 3.1-fold increase at 6 h, corresponding to the highest level of fluorescence on the plates (Figure 2a) . The increase was less marked for strains harbouring pqnrB1 and precA, attaining increases of 2.4-to 2.8-fold and 1.7-to 2.4-fold higher, respectively. Only the E. coli RR1 pqnrD strain showed a level of induction of transcription lower than 1.5 during the 24 h of measurement, compared with the control culture.
Fluorescence in terms of cell density, as observed on the microplates, was consistent with the results of the quantitative expression experiments and the results shown in Figure 2(a) , with qnrD promoters showing the least fluorescence emission, compared with the qnrB1 and smaqnr promoters.
Predicted regulatory boxes upstream of qnr genes
The BPROM bioinformatics tool showed putative regulatory boxes in the promoter regions of the qnrB1, qnrD and smaqnr genes (Table S2 , available as Supplementary data at JAC Online), including the LexA-binding site. In order to highlight their possible role in regulating qnr genes, the GFP constructions were electroporated into the corresponding knockout E. coli BW25113 strains containing insertions in the regulatory gene (phoB, fnr and tyrR in qnrB, qnrD and smaqnr, respectively). 32 The different combinations were tested, using ciprofloxacin, and the results showed no differences of GFP induction in the mutant and wild-type strains (data not shown), indicating that these regulatory boxes do not interfere with the gene induction process in the presence of quinolones and that the main regulatory mechanism seems to be related to the RecA-LexA-dependent SOS response.
Conclusions
The results of the present study show direct SOS-dependent regulation of low-level fluoroquinolone resistance in response to other antimicrobials, such as b-lactams, although the consequences in terms of cross-resistance are currently unknown. 
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